Blomia tropicalis has been recognized as a cause of allergic diseases in the tropical and subtropical regions. Here we report the immuno-characterization of its group 2 allergen, Blo t 2. Allergen Blo t 2 was amplified from the cDNA of B. tropicalis using degenerate primers, expressed in Escherichia coli as a recombinant protein and purified to homogeneity. The mature protein of Blo t 2 was 126 amino acids long with 52% sequence identity to Der p 2 and apparent molecular mass of 15 kDa. Circular dichroism spectroscopy showed that Blo t 2 is mainly a beta-sheeted protein. We confirmed the presence of three disulfide bonds in recombinant (r) Blo t 2 protein using electrospray mass spectrometry. Thirty-four percent of dust-mite allergic individuals from the Singapore showed specific IgE binding to rBlo t 2 as tested using immuno dot-blots. IgE-cross reactivity assays showed that Blo t 2 had between 20-50% of unique IgE-epitopes compared to Der p 2. IgE binding of native and recombinant forms of Blo t 2 were highly concordant (r 2 = 0.77, p < 0.0001) to rBlo t 2. Dose-dependent in vitro histamine was observed when rBlo t 2 was incubated with whole blood of Blo t 2 sensitized individuals, demonstrating that it is a functional allergen. Nine naturally occurring isoforms of Blo t 2 were identified in this study, each having between 1-3 amino acid variations compared to the reference clone. Blo t 2 is a clinically relevant allergen of B. tropicalis as it has unique IgE epitopes compared to major group 2 allergens from Dermatophagoides spp.
, and belonged to the MD-2-related lipid-recognition (ML) domain family 27 , similar to known group 2 allergens as identified by the Pfam domain search 28 . As with other published group 2 allergens, the mature sequence of Blo t 2 also has 6 cysteine residues (Fig. 1, Supplementary Figs 1 and 2 ). The presence of these cysteine residues in recombinant Blo t 2 (rBlo t 2) has been confirmed using a combination of tryptic digestion and mass spectrometry ( Supplementary  Fig. 3A ,B). Previous reports have shown that the cysteine residues in group 2 allergens form disulfide bonds and are important for their structural integrity and allergenicity 29, 30 . Expression, purification and biochemical characterization of rBlo t 2. The Blo t 2 gene was cloned into a modified pET-32a(+) vector (pET-M) and overexpressed as a 6× His-tag fusion protein. The rBlo t 2 protein was purified to homogeneity using Ni-NTA affinity chromatography, followed by size-exclusion chromatography. The SDS-PAGE analysis showed the molecular weight of purified rBlo t 2 to be approximately 15 kDa ( Fig. 2A, Supplementary Fig. 7 ). The identity of rBlo t 2 by mass spectrometry was confirmed using the TripleTOF 5600 system (SCIEX), with 95.8% of the protein sequences matching that of rBlo t 2 (Supplementary Fig. 3 ; Supplementary Table 1) . More than 84 percent of the protein sequence also matched sequences of the Blo t 2 isoforms (UniProt ID: ABG76188.1, ABG76190.1, ABG76193.1, ABG76191.1, and AAQ73482.1).
When rBlo t 2 was subjected to electrospray mass spectrometry, it revealed a molecular mass of 15,280Da (Fig. 2B) . However, the calculated (theoretical) molecular weight of rBlo t 2 using the ProtParam tool 31 was 15,286Da. The difference of 6Da between the calculated and experimental molecular mass of rBlo t 2 corresponds to the loss of 6 hydrogen atoms during the formation of three disulfide bonds.
The electrospray mass spectrum also shows an additional peak at 15,339Da which corresponds to the carbamylation and oxidation post translational modifications of rBlo t 2 that most likely occurred during sample preparation. Carbamylation and oxidation caused the addition of 43 and 16Da, respectively (Fig. 2B) .
Recombinant Blo t 2 displayed a typical β-sheeted structure, as determined by circular dichoism analysis ( Supplementary Fig. 4A ). In addition, the predicted structure of Blo t 2 based on the solved structure of Der f 2 (PDB ID: 2F08) superimposed with the crystal structure of Der p 2 (PDB ID: 1KTJ) with a low root mean square deviation (r.m.s.d) of 1.45 Å, signifying that Blo t 2 likely shares the same three-dimensional structure as Der p 2 30 and Der f 2 [32] [33] [34] ( Supplementary Fig. 4B ). www.nature.com/scientificreports www.nature.com/scientificreports/ based on the intensity of the IgE reaction. Among the Singaporean individuals with IgE reactivity to Der p 2, 16 showed high reaction (intensity > 100, equivalent to Class 3 specific IgE levels), 18 showed moderate reactivity (50 < intensity < 100, equivalent to Class 2 specific IgE levels) while the remaining had low specific IgE reaction (20 < intensity < 50, equivalent to Class 1 specific IgE levels) (Fig. 3B ). For Der f 2, 11 of the 56 Der f 2 positive patients showed high reaction, while 9 showed moderate reaction. In contrast, only three dust-mite sensitized individuals showed high reactivity to Blo t 2, and nine with moderate IgE-reactions (Fig. 3B) . Control individuals mostly did not show specific IgE reactivity to the three recombinant allergens tested, although a few (n ≤ 7) had low specific IgE reaction (equivalent to Class 1 specific IgE levels) which could be due to cross-reactivity to other allergens (e.g. group 2 allergen homologues from storage mites 22 ). The concordance of IgE reaction between the group 2 allergens were assessed based on the Spearman's rank correlation values. IgE reactivity between Der p 2 and Der f 2 (both belonging to the pyroglyphid mite family) were highly concordant (r 2 = 0.88, p < 0.0001) (Fig. 3C) . However, only moderate concordance was observed for IgE reactions between Der p 2 and Blo t 2 (r 2 = 0.47, p < 0.0001), or Der f 2 and Blo t 2 (r 2 = 0.48, p < 0.0001). As concordance of IgE reactions between two allergens could arise from either cross-reactivity or co-sensitization (dual sensitization), an inhibition ELISA assay was used to evaluate the presence of cross-reactivity between the allergens tested using sera from selected individuals with different IgE reaction profiles to Der p 2 and Blo t 2 (Fig. 4, Supplementary Fig. 5 ).
Two individuals (P01 and P02) with high IgE reactivity to both Der p 2 and Blo t 2 showed complete self-inhibition to Blo t 2, and cross-inhibition to Der p 2 when Blo t 2 was used in the solid phase (Fig. 4A , upper panel). In these same patients, a maximum of about 80% cross-inhibition was observed for Blo t 2, when Der p 2 was used in the solid phase (Fig. 4A, lower panel) . In contrast, three patients (P03, P04 and P05), having high IgE reactivity to Der p 2 but moderate reactivity to Blo t 2 showed a lower amount of cross-inhibition (between 50-80%) between both allergens, signifying that 20-50% of the epitopes were unique between both allergens and (C) moderate IgE reaction to Blo t 2, low IgE reaction to Der p 2 were tested. Sera were pre-absorbed with various concentrations of inhibitors before incubation with Der p 2 or Blo t 2 in coated plates (solid surface). Solid lines indicate sera has been incubated with Blo t 2, whereas dotted line indicates sera has been incubated with Der p 2. The amount of inhibition was calculated in relation to the uninhibited control.
Isolation of native Blo t 2.
The native protein of Blo t 2 (nBlo t 2) was isolated from the total protein extract of B. tropicalis using an antibody pull-down method. Both nBlo t 2 and rBlo t 2 were then tested for IgE binding in 59 dust-mite allergic individuals using IgE dot blot assay. The IgE binding to rBlo t 2 was highly concordant to its native Blo t 2 (nBlo t 2) (r 2 = 0.77, p < 0.0001) (Fig. 5 ), suggesting that both proteins had comparable allergenicity.
Histamine release of Blo t 2. Whole blood of two dust-mite allergic individuals, P16 and P17 were collected, and incubated with serial dilutions of recombinant Blo t 2 to stimulate in vitro histamine release, as measured by ELISA. Both individuals tested displayed dose-dependent histamine release upon stimulation with rBlo t 2 (Fig. 6 ). When control individuals (n = 3) were tested for histamine release with serially diluted Blo t 2, the amount of histamine measured were within the reference range for whole blood 35 , averaging at 8.25 ng/mL, indicating the absence of non-specific histamine release at any Blo t 2 concentrations tested (Fig. 6 ).
Blo t 2 is present in the environmental dust samples. Next, the concentration of Blo t 2 in the dust samples from Singaporean homes were measured (Fig. 7) . Dust samples were collected by vacuuming 4 areas within a home; bed, carpet, kitchen and sofa, and the amounts of allergen present were assayed by ELISA. The concentrations of Blo t 2 were compared with that of Der f 2, to investigate the presence of a link between the levels of allergen in the environment. The average concentration of Blo t 2 measured was the highest in beds (12.2 μg/g dust) and lowest in carpets (2.3 μg/g dust), whereas for Der f 2, the highest concentration as detected www.nature.com/scientificreports www.nature.com/scientificreports/ in the kitchens (2.0 μg/g dust) and the lowest in carpets (0.64 μg/g dust) (Fig. 7) . Of the four niches studied, the levels of Blo t 2 was only significantly higher than Der f 2 in beds (p < 0.0001) and sofa (p = 0.0002). On average, the concentration of Blo t 2 was approximately 4-fold higher than that of Der f 2 in all niches (Fig. 7) .
Isoforms of Blo t 2.
Isoforms are a common feature of group 2 allergens [36] [37] [38] . In order to identify naturally occurring polymorphic forms of Blo t 2, seventy-four E. coli colonies containing the Blo t 2 insert were randomly selected and sequenced. Nine isoforms of Blo t 2 were identified based on the translated mature protein sequence of Blo t 2 and were named according to the allergen nomenclature guidelines (WHO/IUS Allergen Nomenclature Subcommittee World Health Organization, 1994) ( Tables 1 and 2 ). Two nucleotide changes were observed in Table 2 . Amino acid polymorphism in the isoforms of Blo t 2 is shown using Blo t 2.0101 as the reference clone. The frequency of polymorphic clones corresponding to each isoform is reported (n = 74). The theoretical isoelectric point (pI) of each isoform is listed as calculated by the ProtParam tool (ExPASy) 31 .
www.nature.com/scientificreports www.nature.com/scientificreports/ the signal peptide region of Blo t 2, at 2 and 12 amino acids upstream of the signal peptide cleavage site (Table 1, Fig. 1 ). Polymorphisms within the mature protein of Blo t 2 resulted in eight amino acid residue changes, with a slight heterogeneity in terms of the isoelectric point (pI) between Blo t 2 isoforms (Table 2) . For one residue, V125 two outcomes of polymorphisms (V125F or V125I) was observed in Blo t 2.0105 and Blo t 2.0109 respectively ( Table 2 ). All isoforms had at least one amino acid change, with a maximum of 3 amino acid substitutions for Blo t 2.0108 (Table 2) . Blo t 2.0101 was the isoform with the highest frequency of 82.4%, followed by Blo t 2.0102 with 8.1% frequency. In three of the 9 isoforms identified, changes in the property of the amino acid residues were observed. In Blo t 2.0104, D126A caused a switch from charged polar to a non-polar residue, whereas for Blo t 2.0107 and Blo t 2.0108, polymorphisms in G23D and G20R respectively caused a change from non-polar to charged polar residues. All polymorphic residues of Blo t 2 were solvent exposed and clustered in the same region of which 7 of the 8 residues were situated at the loop region, and one residue was situated on the β-strand (Fig. 8A) .
In order to evaluate if the polymorphisms observed for Blo t 2 could influence IgE binding, we compared the positions of the polymorphic residues of Blo t 2 to the published epitopes of Der p 2 (Fig. 8B,C, Supplementary  Table 2 ). Blo t 2 polymorphisms involving residues G23 (Blo t 2.0107), H29 (Blo t 2.0103) and I96 (Blo t 2.0102 and Blo t 2.0108) aligned perfectly with residues reported to be important IgE epitopes in Der p 2 [39] [40] [41] [42] [43] (Fig. 8C , Supplementary Table 2), hence it is possible that polymorphisms in these Blo t 2 isoforms could have some impact on its IgE binding. However, further validation would be required to obtain a better understanding the implication of these polymorphisms and differences of pI on the IgE binding capacity of Blo t 2.
Discussion
Blo t 2 demonstrates the typical characteristics of group 2 allergens of six cysteine residues, a signal peptide, and its recombinant protein (rBlo t 2) refolded to form beta-sheeted structures, similar to solved structures of Der p 2 and Der f 2 30, [32] [33] [34] . The identity of and formation of three disulfide bonds in rBlo t 2 was confirmed using mass spectrometry analyses. The protein sequence of Blo t 2 also contained the ML domain, which is implicated in lipid recognition 27 . Recently, we have demonstrated that cholesterol is the preferred lipid ligand of Der p 2 44 , but further studies are necessary to identify the lipid ligand and its functional role in Blo t 2.
Blomia tropicalis is an important source of indoor allergens the tropical and subtropical countries. In our study, about 80% of the adult dust-mite sensitized individuals tested from Singapore had specific IgE-reactivity to Der p 2, with 34% reacted specifically to Blo t 2. In an earlier report by Kidon et. al., the prevalence of Blo t 2 was reported to be approximately 18% 45 , and this difference could be attributed to the fact that the subjects tested were much younger (mean age 7.3 years), whereas in the present study the subjects are adults (mean age 24 years). Similarly, a study by Posa et. al. reported that the IgE repertoire to twelve D. pteronyssinus allergens increased as the allergic patients aged 46 . The increase in IgE repertoire could be attributed to the epitope spreading phenomenon, where an antibody response to one epitope leads to production of new antibodies to other epitopes in the same or unrelated allergen 47 . The majority of dust-mite sensitized individuals in our cohort showed high IgE binding to Der p 2 but moderate to low IgE reactivity to Blo t 2. Data from our IgE-cross reactivity studies showed that Blo t 2 had between 20-50% of unique IgE epitopes when compared to Der p 2. For other B. tropicalis allergens that have been characterized such as Blo t 1 48 , Blo t 5 49 , Blo t 7 50 , and Blo t 21 51 , low to moderate cross-reactivity between IgE epitopes of the Blomia allergens when compared to their Dermatophagoides homologues. These observations are expected in view of the large evolutionary distance between both mite species ( Supplementary Fig. 6 ).
IgE reactivity to native Blo t 2 isolated from the crude protein extract of B. tropicalis was highly concordant to recombinant Blo t 2, suggesting that the recombinant allergen was immunologically similar to its native counterpart. For an allergen to cause an allergic reaction, it must be able to bind to IgE and cross-link IgE antibodies bound to mast or basophil cells, causing the cells to degranulate and release inflammatory mediators. Recombinant Blo t 2 was able to elicit dose dependent histamine from whole blood of two dust-mite allergic individuals, suggesting that it is capable of IgE cross-linking.
Exposure to greater than 2μg of Der p 1 and/or Der f 1 per gram of dust has been shown to be a risk factor for sensitization to mites and bronchial hyper-reactivity 52, 53 . In the indoor environment, the average concentration of Blo t 2 was found to be about 4 fold higher that of Der f 2 in Singaporean homes and was well over the minimum threshold value of 2 μg/g dust to cause sensitization. While there was much lesser Der f 2 detected in the indoor environment, there were more patients that showed specific IgE reaction to Der f 2, and at higher intensity of reaction compared to Blo t 2. Hence, the relationship between the level of allergen present in the environment and its allergenic potency is not clear at present.
There have been several reports on the identification of group 2 allergen isoforms. In Der p 2, thirteen isoforms have been identified with frequent polymorphisms at positions 40, 47, 111 and 117 54 . The isoforms of Der p 2 did not vary greatly in IgE binding capacity of T cell response 37, 55 . Other group 2 allergens such as Der f 2 and Lep d 2 have been also reported to have isoallergenic variants 56, 57 . Similarly, in this study, nine isoforms of Blo t 2 have been identified. Polymorphic changes in Blo t 2 occur in 8 positions, with changes in position 96, 100 and 125 being the most frequent. In particular, polymorphisms involving G23, H29 and I96 may be implicated in changes in IgE reactivity, as these residues are located on the surface of the molecule, and the corresponding sequences were found to be important IgE epitopes in Der p 2 [39] [40] [41] [42] [43] . The panel of major allergens (defined as allergens that cause sensitization in >50% of the patients 58 ) in B. tropicalis differs from that in Dermatophagoides spp. Specific IgE reactivity against B. tropicalis is mainly directed towards it's group 5, 7 and 21 allergens, showing specific IgE reactivity to 40-50% of the population 10, 45, 50 , which is in contrast to Dermatophagoides spp. where groups 1, 2 and 23 dominate 59 . In our study, while specific IgE to Blo t 2 was only observed in a third of our population, this allergen remains clinically relevant as it has unique IgE epitopes that cannot be inhibited by group 2 allergens from Dermatophagoides spp. Future studies on the Table 2 ) were mapped on the solved structure of Der p 2 (PDB ID: 1KTJ) and shown as both ribbon and space filled models in two different orientations. (A,B) were generated using Chimera 70 . (C) Comparison of IgE epitope residues of Der p 2, and polymorphic residues of Blo t 2. Multiple alignment of mature proteins of Blo t 2 (GenBank ID ABG76185) and Der p 2 (AAF86462) was performed using Clustal O (v1.2.4). IgE epitopes of Der p 2 were highlighted green while sequences which were deleted or mutated in tandem are underlined and correspond to the residues listed in Supplementary Table 1. Polymorphic residues of Blo t 2 were highlighted pink and correspond to the residues listed in Tables 1 and 2 . The pound sign (#) indicates amino acid residues in Blo t 2 that is likely to be an IgE epitope due to similarity with experimentally confirmed IgE epitopes on Der www.nature.com/scientificreports www.nature.com/scientificreports/ structure solution and detailed epitope mapping of Blo t 2 is needed to gain a better understanding on its cross reactive IgE epitopes. This would be particularly useful to generate hypoallergenic molecules devoid of the cross-reactive IgE epitopes that could be used for patients who are polysensitized to multiple group 2 allergens. Similar approaches in generation of hypoallergen candidates against other cross-reactive allergens have shown encouraging results 60, 61 . In summary, we report the identification and characterization of Blo t 2. This allergen is clinically relevant, with a 34% IgE binding within the Singaporean population. Importantly, as Blo t 2 has only limited cross-reactivity with Der p 2 and Der f 2, signifying the presence of unique epitopes. Hence, current diagnostic and therapeutic tools based on Dermatophagoides allergens may lead to under-diagnosis or ineffective treatment for individuals primarily sensitized by Blo t 2. Therefore, there is a need to include Blo t 2 in the diagnostic and therapeutic panels for precise and targeted diagnosis and treatment.
Materials and Methods
RT-PCR of putative Blo t 2 using degenerate primers. First strand cDNA was synthesised using SMART TM RACE cDNA amplification kit (CLONTECH Laboratories, USA) with 1 µg B. tropicalis RNA as template. Degenerate primers designed based on the conserved regions of group 2 allergens (Blo t 2F, 5′-GMTGCCAACCARRACWC-3′ and Blo t 2R, 5′-CGCADGCBAANACACCRTKVTC-3′) were used to amplify a fragment of Blo t 2 with highly thermostable pfu polymerase. Based on the sequence amplified product, specific primers were designed and used for 5′ and 3′ random amplification of cDNA ends (RACE). The sequences of the RACE products were used to design primers to amplify the full-length DNA of Blo t 2. This product was then ligated to a modified pET-32a containing N-terminal hexa-histidine tag (Novagen) with T4 DNA ligase (Invitrogen). The plasmids were then transformed into the expression host, Escherichia coli BL21 (DE3).
Ethics approval for serum samples and animal immunizations. Consecutive serum samples from
Singaporean patients with clinical symptoms of allergies were used. Blood samples were obtained after getting written informed consent from all participants (n = 202, age range 13-55 years old, mean age = 24 years old). For participants under the age of 18 years, the parent and/or legal guardian provided the informed consent. Inclusion and exclusion criteria for selection for selecting patients for this study are detailed in Supplementary Table 3 Cloning, expression, and purification of rBlo t 2. The Blo t 2 gene was cloned into a modified pET32a (+) vector (pET-M) and overexpressed as a 6× His-tag fusion protein. The pET-M-Blo t 2 construct was transformed into the expression host Escherichia coli strain BL21 (DE3) to produce rBlo t 2. Transformed bacteria cells were grown overnight in Luria Bertani (LB, BioBasic, Inc.) containing ampicillin (100 µg/mL) at 37 °C. Overnight bacteria cultures were then inoculated and grown in 1L LB until OD 600 reached 0.6. Recombinant protein expression was induced by the addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to the bacterial cultures, which were grown at 37 °C for 4 h before harvesting by centrifugation at 5465 g. The pellet was resuspended in binding buffer (20 mM Tris-HCl pH 7.9, 0.5M NaCl, 20 mM imidazole, and 6M urea) and lysed by sonication at an amplitude of 38% for 15 min (30 s pulse on and 30 s pulse off) followed by centrifugation at 14 000 g. The supernatant containing the rBlo t 2 protein was filter-sterilized using a 0.22 µm PVDF membrane filter and then applied onto an Ni-NTA-coupled HisTrap HP 5 ml column (GE Healthcare, UK) which had been pre-equilibrated with 20 mL binding buffer. The rBlo t 2 protein was eluted using a linear gradient of washing buffer (20 mM Tris-HCl pH 7.9, 0.5M NaCl, 0.5M imidazole, and 6M urea). Fractions containing soluble rBlo t 2 protein were pooled and further purified by size-exclusion chromatography using a HiLoad 16/600 Superdex 75 pg gel-filtration column (GE Healthcare, UK) pre-equilibrated with refolding buffer (20 mM Tris-HCl pH 7.9 and 50 mM NaCl).
Trypsin digestion. The Coomassie Brilliant Blue R-250-stained rBlo t 2 SDS-PAGE gel band was excised for protein identification. After washing thrice with 50 mM triethylammonium bicarbonate (TEAB) and 50% (v/v) acetonitrile (ACN), the finely-cut gels were dehydrated using 100% (v/v) ACN. To reduce the sample, 5 mM tris(2-carboxyethyl)phosphine) was added, followed by incubation at 57 °C for 1 h. After addition of 10 mM methyl methanethiosulfonate, the sample was kept at room temperature for 1 h. After reduction and alkylation, the gel pieces were washed with 50 mM TEAB. Then, the gel pieces were dehydrated using 100% (v/v) ACN and subsequently re-swelling was performed using 50 mM TEAB. A final dehydration was carried out using 100% (v/v) ACN. Trypsin (12.5 ng/µL) was then added and the samples were incubated at 37 °C for 16 h. The digested peptides were extracted sequentially using 50 mM TEAB, 5% (v/v) formic acid in 50% (v/v) ACN and 100% (v/v) ACN. These solutions were added and allowed to stand for 5-10 min before centrifuged at 3300 g. The supernatant with the digested peptides were collected after each extraction steps. Sample was lyophilized and then re-constituted in 2% (v/v) ACN containing 0.05% (v/v) formic acid. Before mass spectrometry, desalting p 2 (Supplementary Table 1 ). An asterisk (*) indicated the positions with fully conserved residues, a colon (:) indicated conservation between groups of strongly similar properties, and a period (.) indicated conservation between groups of weakly similar properties. Numbers above the sequences indicate the presence of a cysteine residue in any of the proteins. Electrospray mass spectrometry and determination of disulfide bonds. Mass spectrometric detection of rBlo t 2 was performed using Synapt High Definition Mass Spectrometer (Manchester, UK) equipped with an electrospray ionization. The optimal operating conditions were as follows: the source temperature, 90 °C; desolvation gas temperature, 350 °C, cone gas flow, 40 L h Circular dichroism and polyclonal antibody production. Circular dichroism (CD) spectra was acquired using a J-810 Spectropolarimeter (Jasco, Japan) using a quartz cuvette with a path length of 1 mm. All experiments were conducted at room temperature, using 20 μM of protein in 50 mM sodium acetate pH 4.6. The spectra were recorded at the resolution of 0.1 nm with a scan speed of 50 nm/min and averaged for 10 scans from 190 to 260 nm. Polyclonal antibodies against Blo t 2 was raised in New Zealand White Rabbits by subcutaneous injection with 300 μg of recombinant protein using Freund's adjuvant.
Scientific RepoRtS
Immuno-dot blot. Immuno-dot blot assays were performed as previously reported 64 . Serially diluted IgE standards (National Institute for Biological Standards, UK) and bovine serum albumin (BSA) were used as a positive and negative controls respectively. Intensities of each dot were measured using the Olympus Micromage TM for Windows version 3.01 (Olympus Optical) image analysis software. IgE binding was classified based on optical density (OD) readings of the immuno dot blot. A reaction was classified as high (>100), medium (50-99), low or negative (<20) from the maximum score of 255. All reactions with intensities > 20 (equivalent to 2SD above the mean of negative sera responses) were considered positive. Inter-and Intra-assay concordance were above 90% and 95% respectively, which demonstrated high assay reproducibility. Multiple dilution experiments were performed to demonstrate linear parallelism between the specific IgE and total IgE standard curves over the linear range of specific IgE dilutions.
Inhibition ELISA. Maxisorp microtiter plates (Nunc) were coated overnight with 250 ng protein per well at 4 °C. Sera used were pre-absorbed with varied amounts of recombinant allergen. The plates were then washed three times with wash buffer (PBS-0.05% Tween-20) between each step of this assay. The plates were blocked for 1 hr with PBS-0.1% Tween 20 and incubated with pre-absorbed sera overnight at 4 °C. Biotin conjugated anti-human IgE monoclonal antibody (BD-Pharmingen, USA) was diluted 1:4000 in PBS and added to the wells for 2 hrs, followed by the addition of avidin conjugated HRP (BD-Pharmingen) diluted 1:3000 in PBS for 30 mins. The plates were washed six times, and 100 μL of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was added to each well. The colorimetric reaction was stopped with 20 μL of 1M HCl, and absorbance measured at 450 nm using an ELISA plate reader. The degree of cross reactivity was calculated by the percentage of inhibition based on the following formula: [(I u − I i )/(I u − B)] × 100%, where I u represents the reaction in the absence of inhibitor protein, I i the reaction at a particular inhibitor concentration, and B represents background intensity when the allergen was incubated with blocking solution instead of sera.
Isolation of Native Blo t 2. Native Blo t 2 was isolated using the Seize www.nature.com/scientificreports www.nature.com/scientificreports/ was coupled to the gel and incubated with 400 µL B. tropicalis crude protein extract. The natural protein was subsequently eluted 8 times with 400 µL elution buffer, and all the fractions were pooled and concentrated by lyophilization.
Computer-based characterization and analysis. Amino acid sequences were analysed and aligned using either Clustal O (v1.2.4) 65, 66 or MEGA-X 67 using the MUSCLE algorithm 68 . Prediction of the signal peptide cleavage site was done with the software SignalP v1.1 26 . N-glycosylation site prediction was performed online using NetNGlyc 1.0 Prediction Server at http://www.cbs.dtu.dk/services/NetNGlyc/21. Phylogenetic tree was generated by MEGA-X using the maximum-likelihood method with 1000 bootstrap.
Histamine release assay. Histamine release in heparinized whole blood and histamine ELISA was performed using kits from IBL-Hamburg (Germany) according to the manufacturer's protocol. Whole blood was collected from two dust-mite sensitized volunteers and three controls in heparinized tubes. Two hundred microliters of blood were then added to serial dilutions of Blo t 2 and incubated for 1 hr at 37 °C in a water bath. Histamine release was halted by incubating the samples for 10 mins in an ice bath. The samples were centrifuged for 10 mins at 700 g. 100 µL of supernatant was then used for Histamine-ELISA.
Dust sample collection, processing and quantification. Dust samples were collected from kitchens, sofas, carpets and beds from Singaporean homes. Sampling was performed using a modified Kirby Classic III vacuum cleaner (Kirby Co.) adapted with a chamber that collects dust onto a filter paper. Each sample was obtained by vacuuming an area of 1 m 2 for 2 mins. All dust samples were stored at −20 °C. The dust samples were sieved using a 500 μm pore size sieve. One milliliter of PBS was added for every 50 mg of dust sample, and allowed to shake overnight at 4 °C. The samples were then centrifuged at 2500 rpm for 20 mins at 4 °C, and the supernatant was stored at −20 °C.
Measurement of amounts of allergen in dust samples using ELISA. One hundred microliters of individual dust sample were incubated overnight onto each well at 4 °C on monoclonal antibody coated microtitre plates (Maxisorp, Nunc) after the plates were blocked with 1% bovine serum albumin (BSA) in PBS for 30 mins at room temperature. The wells were then washed three times with PBS-0.05% Tween-20. The same washing method was used throughout the assay. The wells were incubated overnight with 100 μL of anti-Der f 2 or anti-Der f 22 IgG at 1:5000 dilutions in PBS at 4 °C. Wells were then washed and incubated with 1:1000 dilution of anti-rabbit IgG-conjugated horseradish peroxidase (BD-Pharmingen) in PBS for 3 hrs at room temperature. Wells were thoroughly washed before TMB (Sigma) was added. The reaction was stopped using 20 μL of 1 M HCl and plates were read at 450 nm. Allergen levels were quantified and denoted as microgram of allergen per gram of fine dust (µg/g).
Isolation of Blo t 2 isoforms.
Full length Blo t 2 was amplified from B. tropicalis cDNA using primers Blo t 2 LIC F: 5′-GACGACGACAAGATCATGTTCAAGTTTATCTGTCTC-3′ and Blot 2 LIC R: 5′-GAGGAGAAGCCCGGTT TAATCGACAACCTCGG-3′ with highly thermostable pfu polymerase. The PCR product was purified from a 1% agarose gel and annealed to pET-32(a) Ek/LIC Vector (Novagen) according to the manufacturer's instructions. The recombinant pET-32(a) vectors were transformed into competent E. coli XL1-Blue cells (Stratagene). One hundred and forty colonies were picked, inoculated overnight and plasmid extracted. The plasmid DNA was then submitted to double pass sequencing, and all sequences were analysed using DNAMAN ® (Lynnon Corp., Quebec, Canada).
